COMMenT nature reviews | UROlOgy GeoBioMed is an exploratory interdisciplinary convergence research initiative supported by the Mayo Clinic-Illinois Alliance for Technology-Based Healthcare, which combines cutting-edge tools and concepts in geology and biology (geobiology) with those in urology and nephrology. The goal of GeoBioMed is to identify previously unimagined approaches to preventing and addressing the ongoing global increase in kidney stone disease, by applying advanced optical microscopy, including brightfield, polarization, confocal and super-resolution auto-fluorescence (SRAF), to strategically evaluate kidney stones within the spatial and temporal context of renal physiology and mineral stratigraphy and geochemistry 1 . Initial GeoBioMed analyses conducted on 20 kidney stones composed of combinations of calcium oxalate (CaOx) dihydrate (COD), CaOx monohydrate (COM) and uric acid (UA) 1 indicated that, rather than simply representing mineral aggregates that remained static and unchanged after formation, the crystalline structure of CaOx kidney stones provides a remarkable high-fidelity, perhaps even minute-by-minute, record of renal physiology and patient health during stone formation, with >80% of any given stone having dissolved and reformed in vivo 1 .
GeoBioMed is an exploratory interdisciplinary convergence research initiative supported by the Mayo Clinic-Illinois Alliance for Technology-Based Healthcare, which combines cutting-edge tools and concepts in geology and biology (geobiology) with those in urology and nephrology. The goal of GeoBioMed is to identify previously unimagined approaches to preventing and addressing the ongoing global increase in kidney stone disease, by applying advanced optical microscopy, including brightfield, polarization, confocal and super-resolution auto-fluorescence (SRAF), to strategically evaluate kidney stones within the spatial and temporal context of renal physiology and mineral stratigraphy and geochemistry 1 . Initial GeoBioMed analyses conducted on 20 kidney stones composed of combinations of calcium oxalate (CaOx) dihydrate (COD), CaOx monohydrate (COM) and uric acid (UA) 1 indicated that, rather than simply representing mineral aggregates that remained static and unchanged after formation, the crystalline structure of CaOx kidney stones provides a remarkable high-fidelity, perhaps even minute-by-minute, record of renal physiology and patient health during stone formation, with >80% of any given stone having dissolved and reformed in vivo 1 .
These GeoBioMed approaches have now been applied to a 2 mm-diameter CaOx kidney stone, a portion of which is imaged on the 2020 covers of Nature Reviews Urology. This stone contains an apatite nidus consistent with its initial site of mineralization within the renal papillary interstitium as part of a Randall's plaque 2 . The cover image illustrates that the stone grew via repeated cycles of COD and COM crystallization and dissolution (replacement and mimetic), COM recrystallization of COD, fracturing and faulting to form laths, and syntaxial COM overgrowths on COD crystalline faces within the outermost cortex of high-frequency layered COM. Before analy sis, the stone was washed, dried at room temperature, photographed on a Zeiss Axio Zoom.
V16 microscope and scanned on a high-resolution North Star Imaging X5000 microCT ( Fig. 1a,b ). 3D analysis of the microCT data using Imaris software enabled selection of a virtual plane that included the entire historical sequence of COD and COM mineralization and dissolution events (called a paragenetic sequence 3 ). Next the stone was impregnated with epoxy, cut along the virtual microCT cross-section on a water-cooled diamond saw, polished with grits as fine as 50 nm in diameter, epoxied to a petrographic glass slide and again polished to create an ultrathin (25 μm) section (Fig. 1c ). The resulting cover photograph is a SRAF image of this thin section ( Fig. 1d ), acquired on a Zeiss LSM 880 Airyscan super-reso lution microscope. This SRAF image (captured with excitation wavelengths of 405, 488 and 561 nm) has a lateral resolution of 140 nm and is pseudocoloured according to emission wavelengths (410-460 nm is blue, 500-550 nm is green and 570-610 nm is red). The cover image is 3,800 × 3,800 pixels with a resolution of 60 nm/pixel, which encompasses an area of 223 μm × 223 μm.
The multitude of CaOx crystallization and dissolution events shown in the cover image, including high-frequency layering, crystal growth zoning, fracturing, faulting and syntaxial overgrowths, are astounding and can be hard to grasp given the myriad of strikingly complex colours, geometries and stratigraphic patterns (Fig. 1) . To systematically sort out this complexity, a contextual overview of the crystalline structure of the entire kidney stone thin section was captured under brightfield on a Zeiss Axio Scan.Z1 (Fig. 1c) . The corresponding SRAF image depicts a larger contextual field of view than the cover image (Fig. 1d ). Auto-fluorescence is generated by excitation of organic matter entombed within and between the CaOx crystals that was derived from both the kidney itself and microorganisms comprising the renal microbiome 4 . This organic material is composed of biomolecules (primarily proteins and peptides),
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human and microbial cell debris, and molecules external to cells such as mucus (extracellular polysaccharide substances) 5 . A paragenetic sequence was established to reconstruct the multiple events of original CaOx crystal growth that were interleaved with multiple events of physical, chemical and biological alteration of the original crystals (post-depositional processes collectively called diagenesis 3 ). Importantly, although many previous studies have identified individual events of CaOx layering, crystal growth zoning and dissolution 1, 6 , the para genetic sequence approach creates a relative chronological framework for holistically reconstructing the origination and growth history of the entire stone and not simply small isolated regions 1 . Each paragenetic event can, therefore, be evaluated in the context of original crystallization (layering and crystal zonations) versus secondary diagenetic processes (dissolution, recrystallization, fracturing and faulting) that repeatedly took place just before, during and after each specific event. In addition, the recurrence of events can be reconstructed in time and space, evaluated in the context of all other events and correlated with long-term and short-term patient medical histories 1 . As a result, a kidney stone paragenetic sequence creates a unique GeoBioMed roadmap capable of identifying unexpected targets for prevention and treatment 1 .
Similarly complex paragenetic sequences occur in a wide variety of rock types deposited in natural settings on Earth, including coral reefs, hot springs, stromatolites, caves and even ancient Roman aqueducts [7] [8] [9] [10] . The cover image exemplifies how these same geobiology tools and concepts are being used to reconstruct the complex process of human kidney stone growth 1 . The extremely high rate of repeated nanometre-scale crystal layering and dissolution during kidney stone development is unmatched in other natural settings that we and others have studied to date. These insights promise to revolutionize our understanding of fundamental biomineralization processes in key natural and engineered environments, while concurrently shifting clinical paradigms for the treatment of human kidney stone disease in vivo. 
